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Abstract
A five cell direct methanol fuel cell stack has bcm clcwelopcct at tlw Jet l’mpulsicm  1 aboraiory. I’rwmntly

cl irmt mcthancd  f uel cell tmhnolocy is being incorporated ink) a system  for portable applical ions.
1 {Icct mclwmical  performance and ils dcpenclcmce  on flow rate and hmpmatu rc for the five  cell siack arc
})rcscwtml.  Water transporl data, and water transport mechanisms for direct methanol fuel cells  are
discussed. Stack response to pulse loads has lmm charactm’irmi. Implications of slack performance and
opc~ratillfi conditions on syslcm clesip,n have been  addressed.

Introduction
1 development of a direct methanol fuel cell

system is presently being  pursued at the Jet
1 ‘ropulsim 1,aboratory  (JPI.) undm  sponsorship
from the I Mfense  Advanced Research l’rojccl
Olfice (1 )AR1’A).

A five cell methanol oxidizing stack has been
ctevelopml  at JP1,. ‘1’his  stack incorporates liquid-
fccd direct methanol proton exchange membrane
tcchm]ogy  ctcwcloped under an 1 )AI<l)A
s}~onsored  profyam [1, 2], ‘1’he direct methanol
fuel ccl] stark (1 JMI C) opm’atm  by the oxidation
of an aqucmus  solution of methanol to carbon  cti-
oxictc at the anode and reduction of oxy~en  to
water at cathode.

‘1 ‘l~is papm focus on results of paramet ric
sluctics  carrimt  out on stacks. 3’IWSC studies form
a n imporlant part of system  Ctcvelopment.

E3ackground
1 ;UC1 cells have lml~ been  known as useful

elcc(rochcmical storage cfcviccs, b u t  have
wquircd  larSc  and complicated systems in older
to opmatc. Upon the Ctcwelopmcmt of the d irmt
methanol PltM fuel cell many system opcratins
issues  are simpler than before. In the 1 )MIC,
methanol can be oxidized clircctly  at the anode,
thus there is no need for fuel rcformms.  With the
usc of methanol f ucl-water m i x t u r e ,  the l’lih4
e l e c t r o l y t e s  are a lways  a t  a  hi@l state o f
]Iydratio]l.  lJsing PIIM clcctro]ykw  a]so allows
for the operation wjthcmt  free-aqueous acid and
thus less  corrosion issues need  to be addressed

h4embranc  electrode assemblies (h4 IiAs), the
heart of the I)MIC, c o n s i s t  of three m a i n
ccmpcmcmts;  catalyzed anode, catalymct  cathode,

and a  ~lrotoll-colldllctillg  p o l y m e r  elwlrolytc.
“1’hc anode catalyst is I’t-Ru and t h e  c a t h o d e
catalyst is l)l. Nafion@  117 serves as tllQ a p otm~-
ccmcluctin~ polymer clcctrolytc (l’l IM).

‘1 ‘lIC current state of tcchno]ogy  at the single
CCII level  f o r  l)MIC is 0.470 V  a t  an a]q~licd
current density of 150 nIA/Cm2  for a cell runninc
at 60 ‘C 011 air flow rate at ambient pressure. [3]

‘1’]N followinc describes experimental rcsUIts
cm the pcvformance  of the in-house built five cell
l)MI:C  stack.

Experimental
A dcscripticm  of the stack and its compommts

is as follows: MI;As  and all stack cmnpmwnts
were  ckvelopccl  at JP1,. ‘1’he Ml :As arc prepared
using 4 nIC/Cmz i n - h o u s e  Pt-Ru  anode catalyst
and 4 m~/cmZ  ]ohmon Matlhcy fuel  c e l l  ~rade
l’t-lllack  cathoctc  catalyst . ‘]’hc catalyst was
applirrl cm a porous carbon substrate and then
boIIdccl  to a  Nafion@  117 shmt. The  a c t i v e
electrode area for each cell is 25 CIIP.

‘1 ‘Ile stack bip]ates  consis t  of m a c h i n e d
~raphite plates with a CIVI ) coat  in?, of graphite.
‘1’lw  reactants arc fwt to each cell in parallel. ‘1’lw
f low fields  in each  biplate are of standard pin
cushion cksi~n w h i c h  a l l o w  f o r  even  fuel
distribution and Sooct electrode contact.

“I”wo  sets of experiments were carricct  cwt. I’he
objcctivc  of these  experiments was to establish
stack  pcrfcmnance  c a p a b i l i t y umlcr several
operation conditions, ‘1’hc first set  to cletcrminc
electrical performance characteristics. and the
second  set f o c u s e d  on the r a t e  o f  water
production at the cathoctc  clue {0 clcctrochcmical,
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Figure 1. Five Cell DMFC Stack Electrical Performance with 60 *C, IM Methanol,
at 5 L/rein Air Flow Rate.

maclions and water iranspcml  ac ro s s the
membrane,

111 the firs{ set of expwimmts  temperature was
varied bdwmJI ambient  ad 60°C. and  t he  fknv
rate was  variwl between one  a n d  f i v e  liter a
minu le. Onc of the enginccrins problems in the
clcvelopmcmt  of IJM1:C systems will bc in cathode
water management. “1’hc’  Sc’cmcl set  of
cxprriments consisted of water collection stuctjcs
at  constant  a ir  f low rate and under  app l i ed
rurrrnt.
‘1 ‘l~c r e s u l t s  of thcw cxpcvimcmts  arc n o w
{lrscribcxl.

Results
A typical electrical performance curve is

shown in figure 1. At low  current chmsitics,  those
1W1OW 50 mA/cmz,  the individual CCII  electrical
performance varies only by a few  INV. At current
clcnsitics  fyatcv than 300 mA/CIn2  the variation
from cell to cell is about 30 mV. With increasing
current clcmsity we see the el~ctrical  performance
of individual cells spread out, until some cells can
J)c) ]~]]~~r Stlslain the app]icd current dCIWity.  At

current  densities alxwc 200 mA/cIua, the cells
w h i c h  c o u l d  not sustain the applied cu rmnt
d e n s i t y  go i n to  r eve r sa l  and thus  bc~in  to
proclucc  hyclro~en  at the cathode.

%wmal  reasons can explain the performance of
the stack. 1 n fiencral, cel ls  towards the exit
s t r e a m  of fuels ,  share the grca  test  tendency
towards poor pcvformance.  If a slack’s fucd feed
is in a series  ccmfisuration,  meaning that the fuels
must travel thrcmfih each  cell, the cells  towards
the exit of the fuel feeds would in general have
lower performance due to progressive clrplcticm
of reactant ccmccntration  while proceedin~,  down
tlw stack. III a  s t a c k  with parallr] fuel  fed
manifolds ,  and with a notable pressure drop
w i t h i n  the f low f ields ,  the i nd iv idua l  cell
performance 10ss as a function of position would
be negligible. With just five cells  and air flow of 5

8 times stoichicmc+ric  va]ur,  no variat ion in
individual cell vcdtafp  is 10 bc cw}wctecl

As n~enticmwl  earlier, at low current densities (<
50 mA/cmz) the cell voltap,es  wme very  close to
each other.  I lmvever at applied current densities
in excess  of 150 nIA/Cn12 it was obscrvecl  that tlw
two cells  c l o s e s t  to the inlel of the fuel feccls
perfcmmcl  on the order  of100 mV better than the
worst  CCII  in the stack. A random patlerl~  was
olx+crvcd for performance 10ss for cells  closest to
the exi! of the fuel feeds.
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Figure 2. Five Cell DMFC Stack Electrical Performance at Various Temperatures, 1 M Methanol, at 5
L/rein Air Flow Rate

Wakw  clogcing of the outlet at each cell has
bcm ctetrrminecl  to be a  m a j o r  factor  for
p e r f o r m a n c e  l o s s  in I)MIC type stacks. I’his
water cl~figin~  p]len~ll~cna  is  only  obscrvect  a t
hi~jwr  cLIrrmt  densi t ies  for two  masons ;  the
s(oichicmct ric de] i very of oxygen becomes less at
hi~,her current d e n s i t i e s  and  t h e  r a t e  of
rlwlroclwmical  water product ion is  fyrater at
hi?~l current densities. ‘1’his  water clo~p,ins
plwnomma is not observed  in (he cells  nearest
the inlet because the air flow rate is at it’s hi~hm(
})rcssure  at the inlet, causins tlw flow to channel
throu~h the cells  c l o s e s t  to the inlel,  ancl
effect ivel y fhwhinz water out  from the cathode
flow fields in these cells.

None of the cells arc immune to this water
cl~fifiill~ ]>hCWOJllQlla. At low stoichicmctric
ratm and hi@ current dmsitics (thus hifjl water
production rates) any flow field may clog. ‘1’hus
lvi[ll a II appropriately designed pressure-drop in
tlw cathode f low fields  a n d  m a n i f o l d ,  water
removal can  1>0 i m p r o v e d  a n d  the ranxe of
c~pelatin~ current Clensi{ics  can bc incrcascd.

A S[ rons c@cndcncc on tcmpcrat ure CXists fOI’
the 1 JM1;C’. At hi~hcr temperatures, cataly(ic
activity is greater and proton diffusion rates
tllrou@l  Nafion@117 are ~rcater. As can bc seen
from  fi~ure 2.. ‘1’hc  power density SUStaillC’d  at a
partic~llar  stack  vcdta~e,  say 2 V, nearly cloubles

from 20 “C to 40 ‘(: and then a~ain  doubles from
4(I ‘c to 60 “C.

1 lowcver there are always “trade-offs” to be
considered in system design. Working  a t
ckwatwf  tmlperaturcs  may nol  be advantageous
for certain system dcsi~ns.  II) previous published
articles [1, 3] it has lWCII  shown that fuel cross
over  increases with inrreasinfi temperature thus
lcadinc to lower stack efficiency. 1 ]igh
temperatures also incrcasc wa tcr t ranspmtcxl
a c r o s s  the s t a c k  necclins a bi~~cr  w a t e r
nlana~cmcmt  SllbSyStCln. 1 )esi~,nin~,  for portable
power applications, it is sufficient to add mm
cells  to increase stack power than to increase the
opcratins temperature.

T h e  i n f l u e n c e  c)f Cqwratinc  tcmpcraturc on
operating flow rate is presmtecl in fif,urcs  3 - 5.
All these  expcrimmts were performed at constant
tcwpcraturc at different flow rates. lii~ure  3, 4,
and 5 am expcrimcmts  at 20 “C’, 40 “C, and 60 ‘[
respec(ivcly.

At 20 “C anode performance of each cell is
poor, how mm the stack is  able to s u s t a i n
operation at current densities well  in excess of 50
mA/cm2.  l)cvnonstratin~  stack performance at
ambient temprrat u rc is si~nificant  brcause i t
shows that I)MIKI is capable of low tmnperaturc
operation thus start-up issues arc lrss
problematic that]  fuel cells usins  reformers. LJntil
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Figure 3. Five Cell DMFC Stack Electrical Performance at Various Flow Rates, IM Methanol, at 20”C~._—. .— ;1
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Figure 6. Five Cell DMFC Stack Water Transport Modeled.

m-ent]y  [2] m o s t  d i s c l o s u r e s  of 1 JM1;C
performance figures in the literature have always
bccm for iemperaturcw  in excess  of 90 ‘C and  for
flow rate many times stoic. in fi~ure 3, it is seen
that stab]c  ambient t empera ture  opera t ion
volta~e  of 1.2 V under a 50 mA/ CIn2 load With a
flow rate just above 4 limes stoic is achieved.

At clcwated  temperatures the IWCCI to provide
~mater air flows is apparent. As one  raises the
slack  operating temperature from ambicmt to
60”C, the stack can  Im longer  support current
unless the air flow rate is appreciably increased.
C’omparinc  figures 3 and  5 wc see that at
ambient temperature, as mentioned above the
stack could sustain a 50 mA/cmz  load at a flow
rcltc of 11 ,/min, three times less of the flow rate
required to sustain the same current density at
600(’.

Pour  modes of water transport exist in the
stack namclcy; water produced  electrochcmically
{hrouf$ applied load, water prdllcd
c,lcctrocl~clllically  due to cross-over, water
crossover due to proton conduction
(I;lcctro(kmotic  l)rag), and simple permeation..
‘1’he net flux from the four modes of water
transport arc given  as:

where 1, is applied current, n mokw from
stoichiomctry of individual reaction, 1 )rac is the
cfra~ coefficient, taken as 3, from literature [$]
lcross  is tlw equivalent current due to fuel  cross-
over, 1: is 1 ‘aracfays  constant.

I k———————
N = l/nF I I N =Drag l/nF

Crossover I I Permeation

II p=po+
N = lcr/nF (F’o/Csat)(Nll=l)

.
I
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Figure 7. Four Modes of Water Transport..
1
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Figure 8. Five Cell DMFC Stack Pulse Performance at 60 “C, IM Methanol,
at 5 L/rein Air Flow Rate.

As shown in fi~ure  6., the model  is validated by
mpcrimmtal  I&ulls. ‘1’he typical water transp;rl
rates at 60 ‘C, with an air flow rate of 7.51 ,/nlin
and an impressed load of 100 InA/CnIA2  is 9 x
1 Od moles Of waler/see. Water cOllect  iOn results
arc stmnf,  functicms Of qwatill~  c~l~diti~l~s  as
sblcd earlier, ‘1’his  exlwrimcnt provides a
measure of how much water will  have to be
conclcmsmf  and returned  to the system  for water
balance and thermal management

l~i~urc 8. shows the stack response to applied
load. ‘1’he stack reaches a equilibrium voltage of
1.8 V under a 150 nIA/C111A2  applied load cm the
order  of 50 seconds. l’hc stack exhibits no
nrp,ativc  undershoot under applied load.  “1’he
stack  obtains a higher voltage at initial pulw
prior to rcachinp,  a stcacfy state.

1 ‘ulse performance as shown is important for
nlany  applications such as communication
cqu ipmcnt, emergency back-up power supp]y,
and electric vehicles. The 1)h41C  provides the
necessary systcm response that can not  be found
in reformer type fuel  cells  simply because
chemical proccssinc equipment in the reformers
arc not  very responsive

Conclusions
‘1’lIe dcwclopment  and testins of thr IIMII’C

stacks cfmucmstrates  practical usc of this

tcc]]ndo8Y.  ]t was found that ftlel cell siack
performance is cfictatecf by fuel  flow fields and
stack manifolds. Stack performance of 1.2 V at
ambicmt tempcratuw u~lcler  a 50 mA/CIn2 loacf at
flow rates just above  4 times stoichiomct ry make
the I JN41KI practical for low }mwer applications.
Water transport cxpcrimcmts  have given  an
uncforstancfins  as to the factors ccmtributinp,  to
cathode flow field water clogginfi  plwncmwna.
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